The Milan hypertensive rat strain (MHS) is a genetic strain in which cardiovascular phenotypes seem to be dependent, at least in part, on adducin gene polymorphisms. The aim of our study was to evaluate the structure, contractile responses and endothelium-dependent vasodilation in mesenteric small resistance arteries in 12-week-old MHS, (n¼7), age-matched Milan normotensive rats (MNS, n¼7) and congenic strains in which the DNA segments carrying the a-adducin locus from the MHS have been introgressed into the MNS (MNA, n¼7). Systolic blood pressure (tail cuff) and left ventricular weight to body weight were measured. Mesenteric small arteries were dissected and mounted on a micromyograph; the media:lumen ratio was then calculated. Concentration-response curves to acetylcholine and to norepinephrine (NE) were created. Systolic blood pressure was significantly increased in the MHS and MNA strains compared with the MNS. No significant difference in mesenteric small resistance artery structure was observed among the groups; however, a slightly more elevated media:lumen ratio was observed in MNA compared with the MNS. In contrast, left ventricular weight to body weight was significantly increased and ACH-induced dilatation was significantly impaired in the MHS and in MNA compared with MNS. The concentration-response curve to NE in the MHS showed significantly reduced sensitivity to NE; however, maximum contraction was increased in the MHS vs. the other groups. The MHS presents cardiac (but not vascular) remodeling, endothelial dysfunction and a peculiar contractile response to NE, compared with the other groups. The systolic blood pressure increase and trend to vascular remodeling in MNA support the pathogenic role of a-adducin.
INTRODUCTION
Adducin is a heterodimeric cytoskeleton protein consisting of an a-subunit and either a b-or g-subunit. 1 In rats and humans, the mutation of the a-adducin subunit leads to the stimulation of the sodium (Na + ) and potassium (K + )-adenosine triphosphatase (ATPase) activity in renal tubular cells, thus inducing increased renal sodium reabsorption, and, subsequently, hypertension, 1 although other mechanisms may also be involved in the increase of blood pressure values associated with the mutations of the adducin gene. Experimental, clinical and epidemiological evidence suggests that some pathogenetic mechanisms may lead to hypertension associated with the a-adducin Gly460Trp polymorphism. 1,2 We could show earlier the presence, in a general population, of a relationship of this genetic polymorphism of a-adducin with blood pressure values. 3 In fact, there was an association between Trp460 allele and hypertension, with a relative risk for patients carrying at least one Trp460 allele of B1. 6. 3 However, the data about relationships between genetic polymorphism of a-adducin gene and vascular damage or dysfunction are less clear. No association was found between Gly460Trp polymorphism and the intima media thickness of the carotid arteries in a general population. 3 However, the 460Trp allele contributed substantially to the increased carotid intima media thickness in young, adult males. 4 In a study by Balkenstein et al., 5, 6 a relationship was observed between the intima media thickness of the large muscular femoral artery and the ACE gene. This relationship is only seen in the presence of the a-adducin 460Trp allele, thus suggesting the presence of an epistatic interaction. The discrepancies between different studies may be explained by the different characteristics of the populations examined and by the limitation inherent in the candidate-gene approach. 7 Even fewer data are presently available about the effect of the adducin gene polymorphisms on vascular endothelial function. Recently, an association between endothelium-dependent dilatation in the forearm and the 460Trp allele was observed in a population of essential hypertensives. 8 The Milan hypertensive rat strain (MHS), and its normotensive counterpart (MNS) are a good animal model for studying the role of adducin in the development of hypertension. 1,2 In an analogy with the human situation, transplantation of a kidney from an MNS donor to an MHS recipient, reduced blood pressure (and increased sodium excretion) and vice versa. 1 Genetic crosses showed that the MHS Add1 variant co-segregated with a significant increase in blood pressure in the MNSÂMHS F2 generation. 1 A whole-genome scan in the F2 population showed a quantitative trait locus containing the Add1 locus, 1 thus suggesting that the mechanism underlying the development of hypertension in such a strain is related to an altered adducin function. 2 However, in this model of genetic hypertension no data are available regarding the role of the adducin gene in the development of microvascular structural and functional abnormalities. Therefore, we considered it worthwhile to evaluate the structure, contractile responses and endothelium-dependent vasodilation in mesenteric small resistance arteries of MHS, (n¼7), of age-matched MNS and of a congenic strain in which the DNA segments carrying the a-adducin locus from the MHS have been introgressed into the MNS.
METHODS
We studied seven male MHS rats at 12 weeks of age, seven age-matched MNS rats and a congenic strain in which the DNA segments carrying the a-adducin locus from the MHS rats have been introgressed into the MNS (MNA, n¼7). The animals were obtained from Prassis Sigma Tau Research Institute, Milan, Italy. Details about gene transfer in reciprocal congenic strains of Milan rats have been published earlier. 9 All the procedures followed were in accordance with the guidelines of our institution (Medical School, University of Brescia). The rats were housed two to a cage in a room in which the temperature was controlled between 23 and 25 1C, and a 12-h light/dark cycle was maintained. Food and water were supplied ad libitum. Systolic blood pressure values and heart rate were measured non-invasively (tail cuff method, IITC Life Science Instruments, Woodland Hills, CA, USA) in conscious rats every week.
On the day of death, the animals were weighed and then killed by decapitation. The heart was promptly dissected, dried and weighed, and the heart weight, left ventricular weight, heart weight/body weight and left ventricular weight to body weight (relative left ventricular mass) were calculated. At the same time, from each rat, mesenteric vessels corresponding to the second branch (about 140-200 mm of average diameter in relaxed conditions, 2 mm long) were obtained by dissection. The vessel segments were excised free of connective and adipose tissue and two stainless steel wires of 40 mm in diameter were threaded through the lumen. This ring preparation was mounted on a micromyograph, as described earlier by Mulvany et al. 10, 11 The vessels were then equilibrated and relaxed for at least 30 min in a physiological saline solution. The physiological saline solution had the following composition: MgSO 4 1.17, CaCI 2 2.5 and glucose 5.5, which was kept constantly at 37 1C and bubbled with 5% CO 2 in oxygen.
After equilibration, the micromyograph was transferred to the stage of a light microscope with an immersion lens. The following parameters were measured: wall thickness, media thickness, internal diameter, media to lumen ratio. For further details, see Rizzoni et al. [12] [13] [14] and Vecchione et al. 15 The functional characteristics of the vessels were then evaluated. The vessels were exposed three times to PSS with equimolar exchange of NaCl for KC1 (KPSS) (2 min, with a 10-min interval) to evaluate their response to potassium, the maximal response usually being observed during the third stimulation.
Each vessel was then stimulated as follows:
a cumulative concentration-response curve to NE at the following concentrations: 0.01, 0.05, 0.1, 0.5, 1, 5, 10 mmol l À1 , 3 min per concentration.
As the contraction of the vessel with the highest concentration of NE was similar to that evoked by KPSS, at least in our experimental conditions, our concentration-response curve to NE explored almost all of the range of contraction of our vessels. a cumulative dose-response curve to endothelin-1 at the following concentrations: 0.0001, 0.001, 0.01, 0.1 mmol l À1 , 3 min per concentration. a cumulative concentration-response curve to acetylcholine at the following concentrations: 0.001, 0.01, 0.1, 1, 10 mmol l À1 , 3 min per concentration, after precontraction with NE 10 mmol l À1 .
a cumulative concentration-response curve to sodium nitroprusside at the following concentrations: 0.001, 0.01, 0.1, 1, 10 mmol l À1 , 3 min per concentration, after precontraction with NE 10 mmol l À1 . The response to acetylcholine or sodium nitroprusside was expressed as the percentage decrease of the wall tension obtained with NE precontraction.
The response to each concentration was measured as the active force at the end of each 3 min period. Wall tension (active force divided by two times the segment length) and active media stress (wall tension divided by media thickness) were then calculated. [12] [13] [14] If the vessels produced rhythmic activity, the response was measured from the mean active force for the last 20 s of each period.
For further details about the methods used, see Rizzoni et al. 12, 13 Morphological and functional results from two different blood vessels in each rat were averaged to provide one mean observation per subject. Data were analyzed in a blind manner.
Statistical analysis
All data are expressed as mean±s.d., unless otherwise stated. One-way ANOVA (analysis of variance) was used to evaluate the differences among the groups. Two-way ANOVA for repeated measures was used the evaluation of the concentration-response curves (groupÂconcentration) (BMDP Statistical Software programs 7D, 1 and 2 V, BMDP Statistical Software Inc., Los Angeles, CA, USA).
The statistical significance was set at the conventional level of 5%.
RESULTS
Blood pressure and vascular structure Systolic blood pressure was significantly higher in the MHS and the MNA strains than in the MNS (Table 1) . No significant difference in the mesenteric small resistance artery structure, as expressed by the measurement of the tunica media-to-lumen ratio, was observed between MHS and MNS; although the media-to-lumen ratio and media thickness were slightly larger in the MNA than in the MNS (Table 1) . No significant difference was observed for the internal diameter or the wall thickness.
Cardiac structure Body weight and heart weight, left ventricular weight, heart weight/ body weight and left ventricular weight to body weight were significantly larger in the MHS than in the MNS (Table 1) . No significant difference in cardiac morphology was observed between the MNA and the MNS (Table 1) , whereas all morphological parameters remained significantly smaller in the MNA than in the MHS. Therefore, despite the significant blood pressure increase, the congenic strain did not develop cardiac structural alterations.
Vascular function
Acetylcholine-induced dilatation was significantly impaired in the MHS and the MNA strain, compared with the MNS (Table 2, Figure 1) . No difference among groups was observed in the endothelium-independent vasodilation to sodium nitroprusside (Table 2, Figure 2 ).
The concentration-response curve to NE in the MHS showed a significantly reduced sensitivity to NE (log EC 50 : MNS: À6.33 ± 0.37; MHS: À5.29±0.67, Po0.01); however, maximum contraction was increased in the MHS vs. the other groups (Table 2, Figure 3) .
No difference in the concentration response to endothelin-1 was observed among the groups (Table 2, Figure 4 ).
DISCUSSION
Milan hypertensive rat strain is a genetic strain in which the cardiovascular phenotypes seems to be dependent, at least in part, from adducin gene variability. 1,2 Morphological and functional cardiovascular alterations, including an enhanced myogenic tone in the vasculature and organ hypertrophy were observed in association with mutated adducin; 16 however, very few investigations have specifically addressed the microvascular and cardiac structural alterations in the MHS.
In this study, cardiac hypertrophy is clearly present in the MHS, being possibly a consequence of elevated blood pressure levels or of specific alterations at the cellular levels, namely in the transcellular exchange of ions or changes in the structure of specific cellular proteins. [16] [17] [18] The observed finding cannot be interpreted as mainly dependent on the effects of a-adducin, as the congenic strain does not present the same cardiac structural changes despite similar blood pressure increase. It seems therefore that the genetic background of the MHS and the MNS interacts differently with mutated adducin in terms of blood pressure increase and left ventricular hypertrophy development.
It was proposed that adducin genes may be involved in the atherosclerotic alterations observed in medium-large vessels. 19, 20 Figure 3 Concentration-response curve to norepinephrine in the different groups of rats. ANOVA Po0.001 between MHS and all the remaining groups. n¼7 in each group.
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The mechanisms involved include increased susceptibility of adducin to phosphorylation by r-kinase in the coronary lesions, 20 or a change in the balance among proliferative factors, apoptosis-related molecules and relaxant anti-proliferative receptors in the MHS carotids, with consequent stenosis progression. 19 Established hypertension is usually associated with the presence of structural alterations in small resistance arteries. 21 These alterations are characterized by an increase in the thickness of the tunica media layers and by a reduction in the internal diameter. As a consequence, the media-to-lumen ratio increases. The increase in the media-tolumen ratio may be ascribed to hypertrophy or hyperplasia of vascular smooth muscle cells (hypertrophic remodeling) or to a re-arrangement of the same material around a narrowed lumen (eutrophic remodeling). 22 Regardless of the mechanism involved in their onset, vascular structural alterations may play an important role in the development and/or maintenance of hypertension. 21, 23 Only one study has earlier used the same micromyographic method employed in this study for the assessment of small resistance artery structure in the MHS. 24 In this study, however, no comparison between the MHS and the MNS was performed. The authors observed a modest effect of the ACE inhibitor, perindopril, administered for 20 weeks at high doses on the mesenteric small resistance artery structure, with no persistent effect on blood pressure after treatment withdrawal, at variance with earlier observations in a different rat strain, the spontaneously hypertensive rat. 13, 25 In Mulvany's study, 24 perindopril at low doses was ineffective on the vascular structure of the MHS, again in contrast with what was observed in spontaneously hypertensive rats. 26 The authors concluded that the vascular structural changes in spontaneously hypertensive rats are, at least in part, dependent on the activation of the rennin-angiotensin system, whereas in the MHS, other mechanisms, not influencing the microvascular structure, are involved. The results of this study support such a view, as no major difference in the mesenteric small resistance artery structure was observed between the MHS and the MNS, although a small increase in the media-to-lumen ratio and media thickness was observed in the MNA strain. It seems possible that the factors involved in the development of cardiac hypertrophy and microvascular remodeling may be partly different, with different relative contributions of growth factors, afterload, wall stress and integrins/extracellular matrix component. 27, 28 A relevant interesting finding of this study is represented by the observation of an altered endothelium-dependent relaxation in the small arteries of the MHS. As mentioned earlier, a possible role of a-adducin polymorphisms in the development of endothelial dysfunction was postulated in a population of essential hypertensives. 8 The mechanisms involved are still unclear, although it was hypothesized earlier that oxidative stress may be increased in the essential hypertensives carrying the 460Trp allele of Add1. 29 Other mechanisms possibly involved are related to effects of the mutated adducin on the density of integrins and adhesion molecules on the cell surface. 30 Adducin may then exert a pleiotropic effect, both on the development of hypertension and on organ damage, as an endothelial dysfunction, through its effect on adhesion molecules, caused by a constitutive change in their cell-surface expression and by altering intracellular signals. 8 A second interesting finding of this study is the observation of quantitative and qualitative changes in the pattern of contractile response to NE in mesenteric small arteries of the MHS. It was shown earlier that, in adducin-dependent hypertension, alterations in the vascular Na+-K+-ATPase are present and may be responsible for an increased vascular contractility. 17 In addition, changes in caveolin-1 induced adducin phosphorylation may also play a role in this regard. 18 In a cell-free system, rat-mutant adducin accelerates actin polymerization, 2,31 thus possibly enhancing the effect of any contractile stimulus. However, when we compared the contractile response to endothelin-1, no difference between the groups was observed, thus suggesting that the observed pattern is, at least in part, specific for NE. In any case, further studies are needed to precisely elucidate the underlying mechanisms in the observed enhanced contractile response to NE in the MHS. In the MNA strain an increase in blood pressure values and of the media-to-lumen ratio of small arteries, compared with the MNS was observed, thus suggesting a partial role of a-adducin, at least in this regard. Therefore, this study presents some evidence that the genetic background of the MHS prevents the development of vascular (but not cardiac) remodeling. Heterogeneity of regulatory mechanisms of the development of cardiac vs. vascular remodeling may be involved in the observed findings.
Possible limitations of the study are the lack of data about fibrosis and remodeling of the intramyocardial arteries, about left ventricular geometry or about large artery morphology. In addition, we could not evaluate the structural alterations of small resistance arteries at cellular levels (vascular smooth muscle cell hypertrophy or hyperplasia), because of the complexity of the techniques needed. 32 In conclusion, the MHS presents cardiac (but not vascular) remodeling, endothelial dysfunction and a peculiar contractile response to NE, compared with the other groups. The increase in systolic blood pressure, together with the observed trend to vascular remodeling observed in the MNA strain support a pathogenic role of a-adducin. The nature of the mechanisms underlying the endothelial dysfunction and enhanced contractility to NE in the MHS needs to be further elucidated.
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